In recent years nuclear magnetic resonance (NMR) imaging has gained widespread use in the investigation of functional brain activation in both humans and animal experiments (1-5). It is widely accepted that the increased energy demands of the activated brain tissue result in an increase in local cerebral blood flow (CBF), although the exact mechanisms of coupling between CBF and neuronal activation are still under discussion (6-11). The amount of CBF increase during somatosensory stimulation exceeds the increase in cerebral metabolic rate of oxygen (CMRO 2 ) (12,13), with the consequence that the net oxygen extraction fraction decreases. This results in decreased local concentration of deoxyhemoglobin, which is paramagnetic, and therefore in a change of the magnetic susceptibility of the blood. As a consequence, the signal intensity in T* 2 -weighted MR images increases, a mechanism that has been referred to as blood oxygenation level-dependent (BOLD) contrast (14,15). T* 2 -weighted MR imaging sequences are widely used for the mapping of cortical functions in humans (16,17) and more recently also in animals (18, 19) . The functional response to somatosensory stimulation has been shown by perfusion-weighted imaging with visualization of both the spatial distribution and the temporal pattern of the activation-induced changes in blood flow (20, 21) . However, it must be kept in mind that imaging of functional activation relies on the intact coupling with blood flow and metabolism and, therefore reflects neuronal activity only indirectly. For a more precise evaluation, functional MR imaging should therefore be compared with the electrophysiological response. The present investigation demonstrates for the first time the feasibility of simultaneous measurements of somatosensory evoked cortical potentials (SEPs) and T* 2 -weighted images in the rat.
In recent years nuclear magnetic resonance (NMR) imaging has gained widespread use in the investigation of functional brain activation in both humans and animal experiments (1) (2) (3) (4) (5) . It is widely accepted that the increased energy demands of the activated brain tissue result in an increase in local cerebral blood flow (CBF), although the exact mechanisms of coupling between CBF and neuronal activation are still under discussion (6) (7) (8) (9) (10) (11) . The amount of CBF increase during somatosensory stimulation exceeds the increase in cerebral metabolic rate of oxygen (CMRO 2 ) (12, 13) , with the consequence that the net oxygen extraction fraction decreases. This results in decreased local concentration of deoxyhemoglobin, which is paramagnetic, and therefore in a change of the magnetic susceptibility of the blood. As a consequence, the signal intensity in T* 2 -weighted MR images increases, a mechanism that has been referred to as blood oxygenation level-dependent (BOLD) contrast (14, 15) . T* 2 -weighted MR imaging sequences are widely used for the mapping of cortical functions in humans (16, 17) and more recently also in animals (18, 19) . The functional response to somatosensory stimulation has been shown by perfusion-weighted imaging with visualization of both the spatial distribution and the temporal pattern of the activation-induced changes in blood flow (20, 21) . However, it must be kept in mind that imaging of functional activation relies on the intact coupling with blood flow and metabolism and, therefore reflects neuronal activity only indirectly. For a more precise evaluation, functional MR imaging should therefore be compared with the electrophysiological response. The present investigation demonstrates for the first time the feasibility of simultaneous measurements of somatosensory evoked cortical potentials (SEPs) and T* 2 -weighted images in the rat.
MATERIALS AND METHODS

Animal Preparation
Five male Wistar rats (350-400 g BW) were anesthetized with 1.2% halothane in a 70%/30% mixture of N 2 O/O 2 . Body temperature was maintained at 37ЊC via a rectal thermometer and a feedback-controlled warm water blanket. Two PE 50 catheters were placed in the right femoral artery and femoral vein, to draw blood samples for arterial blood gas analysis and to infuse drugs, respectively. After tracheotomy the trachea was cannulated and the animals were artificially ventilated to keep pCO 2 in the physiological range. Pancuronium bromide (0.2 mg/kg/hr) was given for muscle relaxation.
After placing the animals prone in a Plexiglas stereotactic headholder, the skin and the periosteum over the skull were medially incised and retracted. A small nylon nut was glued to the exposed nasal bone and another one to the skull at the level of the somatosensory cortex (1 mm anterior to the bregma). The remaining skull surface was covered with dental cement to avoid NMR imaging artifacts caused by susceptibility changes. For electroencephalographic (EEG) recording inside the magnet, two L-shaped calomel electrodes were prepared as described before (22) . The electrodes were introduced with their tip into each nut, with the active electrode at the level of the somatosensory cortex and the reference electrode above the nasal bone, and fixed at the stereotactic holder. With the setup described, electrophysiological recording inside the magnet is possible with minimal artifacts.
Sixty minutes before MR measurements, ␣-chloralose (80 mg/kg) was given intravenously and supplemented by 40 mg/kg i.v. at 90 min intervals. Halothane anesthesia was discontinued, and N 2 O was substituted by N 2 . A pair of needle electrodes was introduced into the skin of the left forepaw. Rectangular electrical pulses of 0.3 msec duration and 0.5 mA intensity were applied at frequencies of 1.5, 3.0, 4.5, or 6.0 Hz for a duration of 50 sec. The pulses were delivered by a constant current power supply (FMI, Egelsbach, Germany). In addition to this protocol, in one experiment the left hindpaw was stimulated at 1.5 Hz with electrical pulses of 0.3 msec and 1.2 mA intensity.
NMR Methods
NMR measurements were performed on a 4.7 T Bruker BIOSPEC MSL-X11 system (Bruker, Ettlingen, Germany) equipped with actively shielded gradient coils (100 mT/m, rise time Ͻ250 sec). Radiofrequency (RF) pulses were transmitted using a 12 cm diameter Helmholtz coil, while signals were received with a 16 mm diameter inductively coupled surface coil centered over the bregma. MR images were acquired using the fast low-angle shot (FLASH) sequence (23) with a field of view of 4 cm. Multislice pilot scans of the brain anatomy (flip angle ␣ 22.5Њ, TE 8 msec, TR 400 msec) were performed to position the functional image slice. Single-slice heavily T* 2 -weighted images (24) (␣ ϭ 22.5Њ, TE 60 msec, TR 70 msec, slice thickness 2 mm, 64 phase encoding steps, scan time 4.5 sec) were recorded for functional imaging.
Experimental Protocol
Based on the sagittal pilot scans, the functional imaging slice was positioned coronally through the somatosensory cortex 1.0 mm anterior to the bregma. Each set of activation experiments included the acquisition of eight T* 2 -weighted images (T* 2 -WI) prior to stimulation (baseline images) and eight images during electrical stimulation of paws. This procedure was repeated in each animal for the various stimulation frequencies, with a rest period of at least 5 min between each stimulation sequence. To avoid misinterpretations due to habituation effects, the order of stimulation frequencies was varied. EEG recording artifacts due to desiccation of the electrodes were prevented by refilling the saline solution in the nylon nuts several times during the course of the experiment.
Data Processing
T* 2 -WI activation maps were obtained by subtracting the eight averaged baseline images from the eight averaged stimulation images of each stimulation sequence. For localization of the functionally activated brain region, pixels with an intensity of more than 1.5 standard deviations above the noise level of subtracted images were overlaid onto the corresponding anatomical picture. Quantitative analysis of functional (f)MRI was performed by measuring the T* 2 -WI signal intensity increase in a region of interest placed in the center of the activated somatosensory cortex.
EEGs and evoked electrical responses were recorded using a laboratory computer. Forepaws were stimulated at increasing frequencies (1.5, 3, 4.5, and 6 Hz, respectively), and the cortical evoked potentials were averaged over the total stimulation period of 50 sec, resulting in averages of 75, 150, 225, and 300 single responses, respectively. The frequency dependent changes of the peak-to-peak amplitude (difference between P1-and N1-signals) were expressed in percent of the mean amplitude at 1.5 Hz.
Statistical analysis (Student's t-test, unpaired, unequal variances) was performed by comparison of the normalized peak-to-peak SEP amplitude and the T* 2 -WI signal intensity increase, respectively, obtained at 1.5 Hz with the corresponding values at higher stimulation frequencies.
RESULTS
Physiological variables
The novel experimental setup allowed simultaneous, artifact-free measurements of SEP and T* 2 -WI (Fig. 1) . Artifacts in MR images, when present, were due to inhomogeneities of susceptibility produced by small air bubbles in the dental cement or the nylon nuts, or they appeared when the electrodes were placed on the skull with too high pressure. They could be eliminated by exchange of cement or revision of electrode placement. Gross disturbances of the electrical signal were visible during gradient switching but disappeared almost completely on averaging.
The SEPs consisted of an early negative deflection (N1-wave) with a peak latency between 14 and 18 msec, followed by a later positive deflection (P1-wave) with a latency of about 40 ms (Fig. 1, right column) . N2-waves were detectable in some cases. The amplitude of the SEP was clearly dependent on stimulation frequency, with the largest amplitude at a stimulation frequency of 1.5 Hz and decreasing amplitudes with increasing frequency.
Electrical stimulation of the left forepaw resulted in an increase in T* 2 -WI signal intensity in the right somatosensory cortex (Fig. 1, left column) . The signal intensity increase, expressed in percent of the resting level, was also dependent on the stimulation frequency, with the highest increase at 1.5 Hz (5.91 Ϯ 0.83%, mean Ϯ SEM) and decreasing signal intensity increases with increasing frequency (3.42 Ϯ 0.58% at 3 Hz, 1.56 Ϯ 0.56% at 4.5 Hz, and 1.19 Ϯ 0.22% at 6 Hz). Similarly, the peak-to-peak amplitude of the SEP was largest at 1.5 Hz and gradually declined with increasing frequencies (Fig. 1) .
In one experiment a T* 2 -WI signal intensity increase was documented during stimulation of the left hindpaw, but the current required for activation was higher (0.3 msec, 1.2 mA). The cortical area activated by hindpaw stimulation was located in a slice 1.5 mm caudally from that of the forepaw, i.e., the area corresponding to the anatomical representation of the hindpaw in the rat cerebral somatosensory cortex (25) (Fig. 2) .
In individual experiments, the correlation between SEP amplitude and T* 2 -WI signal intensity change at varying stimulation frequencies resulted in correlation coefficients ranging between 0.61 and 0.85 (example of one animal given in Fig. 3 ). For overall characterization of the frequency dependence of SEP and T* 2 -WI, the SEP amplitudes of individual animals were normalized to the mean amplitude at a stimulation rate of 1.5 Hz. The two variables revealed a clearly similar behavior, namely, decreasing signals with increasing stimulation frequencies (Fig. 4 : 5.91 Ϯ 0.83% at 1.5 Hz, 3.42 Ϯ 0.58% at 3 Hz, 1.56 Ϯ 0.56% at 4.5 Hz, and 1.19 Ϯ 0.22% at 6 Hz for BOLD signal intensity increase; 100 Ϯ 7% at 1.5 Hz, 52 Ϯ 2% at 3 Hz, 34 Ϯ 5% at 4.5 Hz, and 22 Ϯ 2% at 6 Hz for normalized SEP amplitude; all values mean Ϯ SEM). The values recorded at 1.5 Hz differed significantly from the higher stimulation frequencies, both for the electrophysiological and for the MR data.
DISCUSSION
The amplitude of evoked cortical potential depends, in the first place, on the intensity of the afferent cortical input. At a given stimulation intensity, it also reflects the level of oxygen consumption, at least under conditions of decreased metabolic rate. In dogs that underwent hypoxia and reoxygenation, the peak-to-peak amplitude of the SEP correlated with CMRO 2 , irrespective of blood flow changes (26) , and in humans metabolic and electrophysiological changes paralleled each other during controlled hypotension (27) . On the other hand, activation of the neuronal network, which underlies the generation of evoked potentials, results in a coupled increase of glucose and-to a lesser degree-oxygen consumption, which rises with the intensity of the stimulation. It is therefore reasonable to assume that the amplitude of evoked potentials is a marker of the metabolic rate in the area in which the potentials are generated.
Changes in metabolic activity are also reflected by changes in T* 2 -WI signal intensity. A mathematical model of the relationship between CMRO 2 , blood flow and T* 2 -WI signal intensity increase was recently presented by Buxton and Frank (15) . According to their analysis, the increase of blood flow during stimulation is tightly coupled to the metabolic demand, although in a nonlinear relationship. Thus a small increase in metabolism requires a large increase in blood flow to compensate for the higher energy demands. In their proposed model, the relation between blood flow and MR signal intensity increase is nearly linear. Therefore, differences in the metabolic demand during different stimulation paradigms should have their counterparts in parallel changes of the corresponding MR signal intensity. This is supported by a recent NMR spectroscopy study that demonstrated parallel changes in T* 2 -WI signal and oxidative glucose metabolism during functional activation in rat (28) .
The dependence of T* 2 -WI signal intensity on the frequency of somatosensory stimulation was first described by Gyngell et al in a model similar to that in the present study (24) . Although in our study the T* 2 -WI signal elevations were somewhat smaller, the dependence of the MR signal on the stimulation frequency was similar, with the highest signal increase at 1.5 Hz and a gradual decline of signals at increasing frequencies (24) . The most likely explanation for the frequency-dependent signal decline is the occlusion of the electrophysiological response at higher stimulation rates. In fact, in an earlier study of forepaw stimulation in cat, each stimulus evoked a maximal electrocortical response at low frequencies (2-3 Hz), whereas at higher frequencies every second or third evoked response was suppressed, resulting in a smaller averaged SEP amplitude (29) . These authors also showed that the increase in microflow declined with increasing stimulation frequencies, which is in line with the interpretation that the hemodynamic-metabolic response is coupled to the metabolic demands of the activated tissue. The SEP amplitude, therefore, reflects the local cortical metabolic activation, which in turn can be detected by recording either microflow or T* 2 -WI signal intensity.
Obviously, the changes in T* 2 -WI during functional activation rely on the intact coupling among electrical activation, oxygen consumption, and blood flow. In pathological situations such as after global ischemia (30), this is not always the case. After prolonged global forebrain ischemia, produced by the four-vessel occlusion model in rat, recovery of electrical activity was much faster than that of the hemodynamic-metabolic response (31) . On the other hand, resuscitation after 10 min cardiac arrest in rats led to the parallel normalization of SEP and blood flow increase during electrical forepaw activation (32, 33) . The application of T* 2 -WI for evaluation of post-ischemic recovery may therefore lead to different results, depending on the preservation of the coupling mechanisms. To avoid misinterpretations, the simultaneous recording of the electrophysiological response is, therefore, recommended.
CONCLUSIONS
Our study demonstrates the feasibility of simultaneous electrophysiological and functional MRI measurements and provides a new approach for studying the relationship between electrophysiological activity and MR-visible changes in blood flow and blood oxygenation. In the healthy brain, the T* 2 -WI signal intensity increases linearly   FIG. 4 . Increase of signal intensity in T* 2 -weighted images (top) and normalized SEP amplitudes (bottom) at increasing stimulation frequencies. SEP amplitudes were normalized to the 1.5 Hz value. Note the similar frequency dependence of MR and SEP (mean Ϯ SEM, statistically significant difference from 1.5 Hz: *, P Ͻ 0.05, **, P Ͻ 0.01).
with the SEP amplitudes, but this relationship may be lost under pathological conditions. The simultaneous recording of SEPs together with functional MRI facilitates the interpretation of such conditions and provides evidence on the hemodynamic-metabolic coupling of functional activity.
